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LOW DEFECT DENSITY SILICON HAVING A 
VACANCY -DOMINATED CORE SUBSTANTIALLY FREE OF 
OXIDATION INDUCED STACKING FAULTS 

Reference to Related Application 
5 This application claims priority from U.S. provisional 

application, U.S. Serial No. 60/264,415, filed on January 
26, 2001. 

BACKGROUND OF THE INVENTION 

The present invention generally relates to the 

10 preparation of semiconductor grade single crystal silicon 
which is used in the manufacture of electronic components. 
More particularly, the present invention relates to single 
crystal silicon ingots and wafers, as well as a process for 
the preparation thereof, having (i) an outer, axially 

15 symmetric region wherein silicon interstit ials are the 

predominant intrinsic point defect and which is devoid of 
agglomerated intrinsic point defects, surrounding (ii) an 
inner, axially symmetric region wherein silicon lattice 
vacancies are the predominant intrinsic point defect and 

2 0 which is substantially free of nuclei which lead to the 

formation of oxidation induced stacking faults. 

Single crystal silicon, which is the starting material 
in most processes for the fabrication of semiconductor 
electronic components, is commonly prepared by the so-called 
25 Czochralski ("Cz") method. In this method, polycrystalline 
silicon ( "polysilicon") is charged to a crucible and melted, 
a seed crystal is brought into contact with the molten 
silicon and a single crystal is grown by slow extraction. 
After formation of a neck is complete, the diameter of the 

3 0 crystal is enlarged by, for example, decreasing the pulling 

rate and/or the melt temperature until the desired or target 
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diameter is reached. The cylindrical main body of the 
crystal which has an approximately constant diameter is then 
grown by controlling the pull rate and the melt temperature 
while compensating for the decreasing melt level. Near the 
5 end of the growth process but before the crucible is emptied 
of molten silicon, the crystal diameter must be reduced 
gradually to form an end-cone. Typically, the end-cone is 
formed by increasing the crystal pull rate and heat supplied 
to the crucible. When the diameter becomes small enough, 

10 the crystal is then separated from the melt. 

It is now recognized that a number of defects in single 
crystal silicon form in the growth chamber as the ingot 
cools from the temperature of solidification. More 
specifically, as the ingot cools intrinsic point defects, 

15 such as crystal lattice vacancies or silicon self- 

interstitials, remain soluble in the silicon lattice until 
some threshold temperature is reached, below which the given 
concentration of intrinsic point defects becomes critically 
supersaturated. Upon cooling to below this threshold 

2 0 temperature, a reaction or agglomeration event occurs, 

resulting in the formation of agglomerated intrinsic point 
defects . 

As has been reported elsewhere (see, e.g., U.S. Patent 
Nos. 5,919,302 and 6,254,672, as well as PCT/US98/07365 and 

25 PCT/US98/07304 , all of which are incorporated in their 
entirety herein by reference) , the type and initial 
concentration of these point defects in the silicon are 
determined as the ingot cools from the temperature of 
solidification (i.e., about 1410 °C) to a temperature greater 

30 than about 1300°C (i.e., about 1325°C, 1350°C or more); that 
is, the type and initial concentration of these defects are 
controlled by the ratio v/G 0 , where v is the growth velocity 
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and G 0 is the average axial temperature gradient over this 
temperature range. Specifically, for increasing values of 
v/G 0 , a transition from decreasingly self -interstitial 
dominated growth to increasingly vacancy dominated growth 
5 occurs near a critical value of v/G 0 which, based upon 

currently available information, appears to be about 2.1xl0~ 5 
cm 2 /sK, where G 0 is determined under conditions in which the 
axial temperature gradient is constant within the 
temperature range defined above. Accordingly, process 

10 conditions, such as growth rate (which affect v) , as well as 
hot zone configurations (which affect G 0 ) , can be controlled 
to determine whether the intrinsic point defects within the 
single crystal silicon will be predominantly vacancies 
(where v/G 0 is generally greater than the critical value) or 

15 self -interstitials (where v/G 0 is generally less than the 

critical value) . 

Defects associated with the agglomeration of crystal 
lattice vacancies, or vacancy intrinsic point defects, 
include such observable crystal defects as D-defects, Flow 

20 Pattern Defects (FPDs) , Gate Oxide Integrity (GOI) Defects, 
Crystal Originated Particle (COP) Defects, and crystal 
originated Light Point Defects (LPDs) , as well as certain 
classes of bulk defects observed by infrared light 
scattering techniques (such as Scanning Infrared Microscopy 

2 5 and Laser Scanning Tomography) . 

Also present in regions of excess vacancies, or regions 
where some concentration of free vacancies are present but 
where agglomeration has not occurred, are defects which act 
as the nuclei for the formation of oxidation induced 

30 stacking faults (OISF) . It is speculated that this 

particular defect, generally formed proximate the boundary 
between interstitial and vacancy dominated material, is a 
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high temperature nucleated oxygen precipitate catalyzed by 
the presence of excess vacancies; that is, it is speculated 
that this defect results from an interaction between oxygen 
and "free" vacancies in a region near the V/I boundary. 
5 Defects relating to self -interstitials are less well 

studied. They are generally regarded as being low densities 
of interstitial -type dislocation loops or networks. Such 
defects are not responsible for gate oxide integrity 
failures, an important wafer performance criterion, but they 
10 are widely recognized to be the cause of other types of 
device failures usually associated with current leakage 
problems . 

The density of such vacancy and self -interstitial 
agglomerated defects in Czochralski silicon is 

15 conventionally within the range of about lxl0 3 /cm 3 to about 
lxl0 7 /cm 3 . While these values are relatively low, 
agglomerated intrinsic point defects are of rapidly 
increasing importance to device manufacturers and, in fact, 
are now seen as yield-limiting factors in device fabrication 

20 processes. 

Agglomerated defect formation generally occurs in two 
steps; first, defect "nucleation" occurs, which is the 
result of the intrinsic point defects being supersaturated 
at a given temperature. Once this "nucleation threshold" 

2 5 temperature is reached, intrinsic point defects agglomerate. 

The intrinsic point defects will continue to diffuse through 
the silicon lattice as long as the temperature of the 
portion of the ingot in which they are present remains above 
a second threshold temperature (i.e., a "diffusivity 

3 0 threshold"), below which intrinsic point defects are no 

longer mobile within commercially practical periods of time. 
While the ingot remains above this temperature, vacancy or 
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interstitial intrinsic point defects diffuse through the 
crystal lattice to sites where agglomerated vacancy defects 
or interstitial defects, respectively, are already present, 
causing a given agglomerated defect to grow in size. Growth 
5 occurs because these agglomerated defect sites essentially 
act as "sinks," attracting and collecting intrinsic point 
defects because of the more favorable energy state of the 
agglomeration. 

Accordingly, the formation and size of agglomerated 

10 defects are dependent upon the growth conditions, including 
v/G 0 (which impacts the initial concentration of such point 
defects) , as well as the cooling rate or residence time of 
the main body of the ingot over the range of temperatures 
bound by the Enucleation threshold" at the upper end and the 

15 "diffusivity threshold" (which impacts the size and density 
of such defects) at the lower end. As has been previously 
reported (see, e.g., U.S. Patent No. 6,312,516 and PCT 
Patent Application Serial No. PCT/US99/14287 , both of which 
are incorporated in their entirety herein by reference) , 

20 control of the cooling rate or residence time enables the 
formation of agglomerated intrinsic point defects to be 
suppressed over much larger ranges of values for v/G 0 ; that 
is, controlled cooling allows for a much larger "window" of 
acceptable v/G 0 values to be employed while still enabling 

25 the growth of substantially defect-free silicon. 

It is to be noted, however, that in addition to the 
formation of agglomerated intrinsic point defects the 
formation of oxygen precipitate-related defects, such as 
oxidation induced stacking faults, are also of concern. 

30 More specifically, it is to be noted that in addition to the 
diffusion of intrinsic point defects, when present oxygen 
can also diffuse through the crystal lattice. If the oxygen 
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concentration is sufficiently high, the formation of oxygen 
precipitate nucleation centers, as well as oxygen 
precipitates, can also occur. Silicon wafers, derived from 
silicon ingots containing such nucleation centers or 
5 precipitates, can be problematic for integrated circuit 
manufactures, because they can lead to oxygen -related 
defects, such as oxidation induced stacking faults, upon 
exposure to the thermal conditions of a manufacturing 
process . 

10 Accordingly, it is desirable to have a single crystal 

silicon growth process which enables both the control of 
agglomerated intrinsic point defects as well as the control 
of oxygen precipitate nucleation centers or oxygen 
precipitates, particularly those leading to the formation of 

15 oxidation induced stacking faults. Such a process would be 
especially beneficial when growth of medium to high oxygen 
content silicon (e.g., about 14 to 18 PPMA oxygen content), 
is needed. 

SUMMARY OF THE INVENTION 

2 0 Among the features of the present invention, therefore, 

is the provision of single crystal silicon, in ingot or 
wafer form, having an axially symmetric region extending 
radially inward from the lateral surface of the ingot or 
circumferential edge of the wafer, of a substantial radial 

25 width, wherein silicon self -interstitials are the 
predominant intrinsic point defect and which is 
substantially free of agglomerated intrinsic point defects; 
the provision of such a single crystal silicon ingot or 
wafer having another axially symmetric region, extending 

30 radially inward from the interstitial-dominated region, 
wherein crystal lattice vacancies are the predominant 
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intrinsic point defect and which has a significantly reduced 
concentration of, and can be substantially free of, nuclei 
which lead to the formation of oxidation induced stacking 
faults; the provision of such a single crystal silicon ingot 
5 or wafer wherein the vacancy-dominated, axially symmetric 
region is also substantially free of agglomerated defects; 
and, the provision of such a single crystal silicon ingot or 
wafer having a medium to high oxygen content . 

Further among the features of the present invention is 

10 the provision of a process, as well as an apparatus, for 

preparing such a single crystal silicon ingot, in which the 
concentration of self -interstitials is controlled in order 
to prevent the agglomeration of intrinsic point defects in 
an axially symmetric region extending radially inward from 

15 the lateral surface of the constant diameter portion of the 
ingot, as the ingot cools from the solidification 
temperature; the provision of such a process wherein 
controlled cooling is further employed to prevent the 
formation of nuclei which lead to the formation of oxidation 

2 0 induced stacking faults in a vacancy-dominated, axially 
symmetric region which extends radially inward from the 
interstitial-dominated region; the provision of such a 
process wherein the vacancy-dominated, axially symmetric 
region is substantially free of agglomerated defects; the 

25 provision of such a process wherein such an ingot is 

prepared by quench cooling through a temperature range 
wherein the nucleation of both interstitial agglomerated 
defects and oxidation induced stacking fault nuclei occur, 
and optionally wherein the nucleation of vacancy 

30 agglomerated defects occurs. 

Briefly, therefore, the present invention is directed 
to a process for growing a single crystal silicon ingot in 
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which the ingot comprises a central axis, a seed-cone, a 
tail-end and a constant diameter portion between the seed- 
cone and the tail-end having a lateral surface, a radius 
extending from the central axis to the lateral surface, the 
5 ingot being grown from a silicon melt and then cooled from 
the solidification temperature in accordance with the 
Czochralski method. The process comprises controlling: (i) 
a growth velocity, v, (ii) an average axial temperature 
gradient, G 0 , during the growth of the constant diameter 

10 portion of the crystal over the temperature range from 
solidification to a temperature of no less than about 
1325°C, and (iii) the cooling rate of the crystal from the 
solidification temperature to about 750°C, to cause the 
formation of a segment wherein an interstitial -dominated, 

15 axially symmetric region which is substantially free of type 
A agglomerated defects extends radially inward from the 
circumferential edge, wherein a vacancy-dominated, axially 
symmetric region extends radially inward from the 
interstitial-dominated region, and further wherein a wafer 

2 0 obtain from said segment, upon being subjected to an 

oxidation treatment, has an oxidation induced stacking fault 
concentration of less than about 50/cm 2 . 

The present invention is further directed to a process 
for growing a single crystal silicon ingot in which the 
25 ingot comprises a central axis, a seed-cone, a tail-end and 
a constant diameter portion between the seed- cone and the 
tail-end, the constant diameter portion having a lateral 
surface and a radius extending from the central axis to the 
lateral surface, the ingot being grown from a silicon melt 

3 0 in accordance with the Czochralski method. The process 

comprises: cooling the ingot from the temperature of 
solidification to a temperature of less than about 750°C 
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and, as part of said cooling step, quench cooling a segment 
of the constant diameter portion of the ingot through a 
temperature of nucleation for the agglomeration of silicon 
self -interstitials and oxygen precipitates, to obtain in 
5 said segment an interstitial -dominated, axially symmetric 
region extending radially inward from the lateral surface 
and a vacancy-dominated, axially symmetric region extending 
radially inward from said interstitial -dominated region, 
wherein said interstitial -dominated region is substantially 
11 10 free of type A agglomerated defects, and further wherein a 
C3 wafer obtain from said segment, upon being subjected to an 

"r- oxidation treatment, has an oxidation induced stacking fault 

*S; concentration of less than about 50/cm 2 . 

=.y The present invention is still further directed to a 

L 15 process, as described above, wherein thermal annealing is 
jU employed, prior to said oxidation step, in order to dissolve 

If; nuclei present which would otherwise lead to the formation 

£3 of oxidation induced stacking faults. 

w The present invention is still further directed to a 

2 0 single crystal silicon wafer having a central axis, a front 
side and a back side which are generally perpendicular to 
the axis, a circumferential edge, and a radius extending 
from the central axis to the circumferential edge of the 
wafer. The wafer comprises: (i) an interstitial -dominated, 

2 5 axially symmetric region extending radially inward from the 

circumferential edge which is substantially free of A type 
agglomerated interstitial defects; and, (ii) a vacancy- 
dominated, axially symmetric region extending radially 
inward from the interstitial -dominated region wherein, upon 

3 0 being subjected to an oxidation treatment, an oxidation 

induced stacking fault concentration is less than about 
50/cm 2 . 
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The present invention is still further directed to a 
single crystal silicon ingot having a segment therein of a 
substantial axial length. The ingot segment comprises: (i) 
an interstitial -dominated, axially symmetric region 
5 extending radially inward from a lateral surface of the 

segment which is substantially free of A type agglomerated 
interstitial defects; and, (ii) a vacancy- dominated, axially 
symmetric region extending radially inward from the 
interstitial-dominated region wherein a wafer, obtained from 

;u ; 10 the segment, upon being subjected to an oxidation treatment, 
has an oxidation induced stacking fault concentration is 

If! less than about 50/cm 2 . 

J- The present invention is still further directed to a 

r« single crystal silicon ingot, or ingot segment, as well as a 

s 15 wafer obtained therefrom, wherein the vacancy-dominated, 

rf axially symmetric region is substantially free of 

fU agglomerated vacancy defects . 

p! The present invention is still further directed to a 

rU crystal puller for producing a single crystal silicon ingot 

20 as described herein. The crystal puller comprises: (i) a 
crucible for holding molten semiconductor source material; 
(ii) a heater in thermal communication with the crucible for 
heating the crucible to a temperature sufficient to melt the 
semiconductor source material held by the crucible; (iii) a 

2 5 pulling mechanism positioned above the crucible for pulling 

the ingot from the molten material held by the crucible; 
(iv) a heat shield assembly disposed above the molten source 
material held by the crucible, the heat shield assembly 
having a central opening sized and shaped for surrounding 

3 0 the ingot as the ingot is pulled from the molten material, 

said heat shield assembly being generally interposed between 
the ingot and the crucible as the ingot is pulled upward 
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from the source material within the crystal puller; and (v) 
a cooling system disposed in the crystal puller above the 
heat shield assembly for further cooling the ingot as the 
ingot is pulled upward within the crystal puller above the 
5 heat shield assembly, the cooling system having a central 
opening sized and shaped for surrounding the ingot as the 
ingot is pulled upward within the crystal puller. 

Other objects and features of this invention will be in 
J;!: part apparent and in part pointed out hereinafter. 

*p 10 BRIEF DESCRIPTION OF THE DRAWINGS 

H; Fig. 1 is a longitudinal, cross-sectional view of a 

single crystal silicon ingot showing, in detail, an axially 
L symmetric region of a constant diameter portion of the 

If ingot ; 

pf| 15 Fig. 2 is a longitudinal, cross-sectional view of a 

\f x segment of a constant diameter portion of a single crystal 

silicon ingot, showing in detail axial variations in the 

width of an axially symmetric region; 

Fig. 3 is a schematic, fragmentary vertical cross- 

2 0 section of a crystal puller of the present invention 

including a heat shield assembly and a cooling system; 

Fig. 4 is an enlarged cross-section of the cooling 
system of Fig. 3; 

Fig. 5 is a cross-section taken in the plane of line 
25 5-5 of Fig. 4; 

Fig. 6 is a side elevation of the cooling system of 
Fig. 3 with an outer panel of the cooling system omitted to 
reveal internal construction of the cooling system; 

Fig. 7 is a graph showing the results, as further 

3 0 described in the Example below, of oxidation induced 
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stacking faults tests of wafers which were subjected to 
different thermal annealing conditions and which were 
obtained from single crystal silicon ingots having varying 
oxygen contents and grown without the aid of rapid cooling 
5 (i.e., without the aid of a cooling jacket), as further 
described herein; and, 

Fig. 8 is a graph showing the results, as further 
described in the Example below, of oxidation induced 
stacking faults tests of wafers which were subjected to 
10 different thermal annealing conditions and which were 

obtained from single crystal silicon ingots having varying 
oxygen contents and grown with the aid of rapid cooling 
(i.e., with the aid of a cooling jacket), as further 
described herein. 

15 With respect to the Figures, corresponding reference 

characters indicate corresponding parts throughout the 
several views of the drawings . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In accordance with the present invention, it has been 

2 0 discovered that controlled cooling may be utilized in the 

preparation of a single crystal silicon ingot having an 
interstitial -dominated, axially symmetric region extending 
radially inward from the lateral surface of the ingot which 
is substantially free of agglomerated intrinsic point 
25 defects, in order to limit, and preferably substantially 

prevent, the formation of nuclei which lead to the formation 
of oxidation induced stacking faults in a vacancy-dominated, 
axially symmetric region extending radially inward from the 
interstitial -dominated region. More specifically, as 

3 0 further described herein, it has been discovered that, by 
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combining the control of the ratio v/G 0 , wherein v is the 
growth velocity and G 0 is the average axial temperature 
gradient, during the growth of the constant diameter portion 
of the crystal over the temperature range from 
5 solidification to a temperature greater than about 1300°C 

(e.g., 1325°C, 1350°C or more), with control of the cooling 
rate of the ingot through a temperature range, or ranges, 

(i) wherein nucleation of agglomerated interstitial 
intrinsic point defects and nuclei which lead to the 

10 formation of oxidation induced stacking faults occurs, and 

(ii) wherein interstitial point defects and oxygen are 
mobile, the formation of interstitial agglomerated defects 
and such oxidation induced stacking fault nuclei can be 
prevented in a segment of the single crystal silicon ingot 

15 (and thus in silicon wafers derived therefrom) . The present 
process may be further employed to prevent the formation of 
agglomerated defects in a vacancy-dominated region or core, 
as well . 

Interstitial -Dominated, 
2 0 Axially Symmetric Region: 

Radial Width /Axial Length 

Previously, it has been reported that process 
conditions can be controlled during growth of a single 
crystal silicon ingot, prepared in accordance with the 

25 Czochralski method, such that the constant diameter portion 
of the ingot contains a region or segment which is 
substantially free of agglomerated intrinsic point defects. 
(See, e.g., U.S. Patent Nos . 5,919,302 and 6,254,672, as 
well as PCT Patent Application Serial Nos. PCT/US98/07365 

3 0 and PCT/US98/073 04 , all of which are incorporated herein by 
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reference.) As disclosed therein, growth conditions, 
including growth velocity, v, the average axial temperature 
gradient, G 0 , between the temperature of solidification and a 
temperature greater than about 13 00°C, and the cooling rate 
5 from solidification to a temperature at which silicon self- 
interstitial point defects are essentially no longer mobile 
within a commercially practical period of time (e.g., less 
than about 1100°C, 1050°C, 1000°C, 900°C, 800°C) , are 
controlled to cause the formation of an interstitial - 
%Z 10 dominated, axially symmetric region extending radially 
Q inward from the lateral surface of the constant diameter 

portion of the ingot, which is substantially free of 
;=[| agglomerated intrinsic point defects. 

ip These growth conditions can in some cases be controlled 

^_ 15 to maximize the volume of this axially symmetric region 
M= relative to the volume of the constant diameter portion of 

?y the ingot (e.g., having a radius about equal to the radius 

w of the ingot) . However, in some instances, this 

interstitial-dominated, axially symmetric region has some 
20 radial width which is less than the radius of the ingot. 

For example, the axially symmetric region can have a width 
equal to about 10% or 20% of the radius of the ingot, with 
widths of about 30%, 40%, 60%, 80%, 90% or even about 95% 
being possible. Furthermore, this axially symmetric region 
25 can extend over a length of at least about 10% or 2 0% of the 
constant diameter portion of the ingot, with lengths of at 
least about 30%, 40%, 60%, 80%, 90%, 95% or even about 100% 
being possible. 
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Control of v/G 0 
and Cooling Rate 

As described in the above-cited references, it is 
generally believed that the formation of such an axially 
5 symmetric region is achieved as a result of suppressing the 
reactions in which silicon self -interstitial (or in some 
cases crystal lattice vacancy) intrinsic point defects react 
to produce agglomerated intrinsic point defects. This 
suppression is achieved by controlling the concentration of 

10 these intrinsic point defects in this axially symmetric 

region during the growth and cooling of the ingot to ensure 
this region never become critically supersaturated. 
Preventing critical supersaturation, or the agglomeration of 
intrinsic point defects, can be achieved by establishing an 

15 initial concentration (controlled by v/G 0 (r), where G 0 is a 
function of radius) which is sufficiently low such that 
critical supersaturation is never achieved. Such an 
approach requires that the actual value of v/G 0 be maintained 
within a narrow target range of values very close to the 

2 0 critical value of v/G 0 . 

However, it has been found that due to the relatively 
large mobility of self - interst it ials , which is generally 
about 10" 4 cm 2 /second, it is possible to effectively suppress 
the concentration of intrinsic point defects over relatively 

25 large distances (i.e., distances of about 5 cm to about 10 
cm or more) , by the radial diffusion of self -interstitials 
to sinks located at the crystal surface or to vacancy 
dominated regions located within the crystal . Radial 
diffusion can be effectively used to suppress the 

30 concentration of self -interstitials (and in some cases 
vacancies) , provided sufficient time is allowed for the 
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radial diffusion of the initial concentration of intrinsic 
point defects. In general, the diffusion time will depend 
upon the radial variation in the initial concentration of 
intrinsic point defects, with lesser radial variations 
5 requiring shorter diffusion times. 

Such radial diffusion can be achieved by means of 
controlled cooling. As a result, controlled cooling can be 
employed to increase the residence time of a given segment 
of the ingot in a temperature range at which intrinsic point 

10 defects, such as interstitials , are mobile in order to allow 
more time for the point defects to diffuse to a site where 
they can be annihilated. As further described in, for 
example, U.S. Patent No. 6,312,516 or PCT Patent Application 
Serial No. PCT/US99/14287 (both of which are incorporated 

15 herein by reference) , controlled cooling can employed to 

significantly expand the range of values for v/G 0 which can 
be used while still avoiding the formation of agglomerated 
defects . 

Referring now to Figs . 1 and 2 , in the process of the 
20 present invention a single crystal silicon ingot 1 is grown 
in accordance with the Czochralski method. The silicon 
ingot comprises a central axis 2, a seed-cone 3, a tail-end 
or end-cone 4 and a constant diameter portion 5 between the 
seed-cone and the end-cone. The constant diameter portion 
25 has a lateral surface or circumferential edge 6 and a radius 
7 extending from the central axis to the surface 6. The 
present process comprises controlling the growth conditions, 
including growth velocity, v, the average axial temperature 
gradient, G 0 , and the cooling rate, to cause the formation of 
30 an interstitial -dominated, outer axially symmetric region 8 
which, upon cooling of the ingot from the solidification 
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temperature, is substantially free of agglomerated intrinsic 
point defects. 

In the present invention, growth conditions are 
controlled such that a V/I boundary 9 is present at some 
5 position along the radius of the ingot. The relative 

position of this boundary will determine a width 10 of the 
interstitial -dominated, axially symmetric region 8, and a 
width 11 of a vacancy- dominated, axially symmetric region 
12, relative to the volume of the constant diameter portion 

10 5 of the ingot 1. The axially symmetric region 8 has a 

width typically equal to at least about 10% or 2 0% of the 
radius of the ingot, with widths of about 30%, 40%, 60%, 
80%, 90% or even about 95% being possible, the remaining 
portion of the ingot segment comprising the vacancy- 

15 dominated, axially symmetric region or cylindrical core 12. 
Furthermore, as described above, the segment of the ingot 
which comprises these two axially symmetric regions can 
extend over a length of at least about 10% or 20% of the 
constant diameter portion of the ingot, with lengths of at 

20 least about 30%, 40%, 60%, 80%, 90%, 95% or even about 100% 
being possible. 

It is to be noted that the width of axially symmetric 
regions 8 and 12 may have some variation along the length of 
the central axis 2 . For an axially symmetric region of a 

25 given length, therefore, the width of axially symmetric 

region 8 is determined by measuring the distance from the 
lateral surface 6 of the ingot 1 radially toward a point 
which is farthest from the central axis. In other words, 
the width 10 is measured such that the minimum distance 

3 0 within the given length of the axially symmetric region 8 is 
determined. Similarly, the width 11 of axially symmetric 
region 12 is determined by measuring the distance from the 
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V/I boundary 9 radially toward a point which is closest to 
the central axis. In other words, the width is measured 
such that the minimum distance within the given length of 
the axially symmetric region 12 is determined. 
5 In the present process, the growth velocity, v, and the 

average axial temperature gradient, G 0 (over the temperature 
range of solidification (i.e., about 1410°C) to a 
temperature greater than 1300°C (i.e., at least about 
1325 °C, at least about 1350 °C or even at least about 

10 1375 °C) ) , are typically controlled such that the ratio v/G 0 
ranges in value from about 0.5 to about 2.5 times the 
critical value of v/G 0 (i.e., about lxlO" 5 cm 2 /sK to about 
5xl0" 5 cm 2 /sK based upon currently available information for 
the critical value of v/G 0 ) . However, in some embodiments 

15 the ratio v/G 0 will range in value from about 0 . 6 to about 
1.5 times the critical value of v/G 0 (i.e., about 1.3xl0" 5 
cm 2 /sK to about 3xl0" 5 cm 2 / sK based upon currently available 
information for the critical value of v/G 0 ) , or even from 
about 0.75 to about 1 times the critical value of v/G 0 (i.e., 

20 about 1.6xl0" 5 cm 2 /sK to about 2.1xl0" 5 cm 2 /sK based upon 

currently available information for the critical value of 
v/G 0 ) . These ratios are achieved by independent control of 
the growth velocity, v, and the average axial temperature 
gradient, G 0 . 

2 5 In general, control of the average axial temperature 

gradient, G 0 , may be achieved primarily through the design of 
the "hot zone" of the crystal puller, i.e. the graphite (or 
other materials) that makes up the heater, insulation, heat 
and radiation shields, among other things. Although the 

3 0 design particulars may vary depending upon the make and 

model of the crystal puller, in general, G 0 may be controlled 
using any of the means currently known in the art for 
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controlling heat transfer at the melt/solid interface, 
including reflectors, insulation rings, radiation shields, 
purge tubes, light pipes, and heaters. In general, radial 
variations in G 0 are minimized by positioning such an 
5 apparatus within about one crystal diameter above the 

melt/solid interface. However, G 0 can be controlled further 
by adjusting the position of the apparatus relative to the 
melt (typically expresses as a distance, Hr) and/or crystal 
(prior to and/or during crystal growth) . This is 
% 10 accomplished either by adjusting the position of the 
Q apparatus in the hot zone (relative to the surface of the 

j; melt, for example) or by adjusting the position of the melt 

surface in the hot zone (relative to the device used for 
iS controlling heat transfer, for example) . The control of 

.== 15 this distanced between the heat transfer control device and 
H; the melt surface can be achieved, for example, by means of a 

fy vision system and a method for measuring the melt 

bf. level/position inside the crystal pulling apparatus during 

ingot growth as described by R. Fuerhoff and M. Banan in 
20 U.S. Patent No. 6,171,3 91 (which is incorporated herein by 
reference) . 

In addition to adjusting or controlling the distance 
between the melt surface and a device positioned above the 
melt for controlling heat transfer, G 0 may also be controlled 

25 by, or additionally controlled by, means of adjusting the 
power supplied to side and/or bottom heaters within the 
crystal puller. 

It is to be noted that any, or all, of these methods 
can be used during a batch Czochralski process in which melt 

30 volume is depleted during the process. It is to be further 
noted that such methods can be employed, in some 
embodiments, to render G 0 substantially constant over a 
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substantial length of the constant diameter portion of the 
ingot (e.g., 25%, 50%, 75%, 85% or more), which in turn 
enables the growth velocity (generally controlled by means 
of the pull rate) to be substantially constant, as well (for 
5 a given target v/G 0 value or range of values) . 

After solidification, the concentration of intrinsic 
point defects in the crystal is preferably reduced by 
permitting diffusion of the intrinsic point defects, and to 
the extent applicable, mutual annihilation of point defects. 

10 In general, diffusion of the predominant intrinsic point 

defects to the lateral crystal surface will be the principal 
means for reduction if the ingot is vacancy or interstitial 
dominated from the center to the lateral surface of the 
ingot. If, however, the ingot contains a vacancy dominated 

15 core surrounded by an axially symmetric interstitial 

dominated region, such as in the present invention, the 
reduction will primarily be a combination of outward 
diffusion of interstitials to the surface and inward 
diffusion of interstitials to the vacancy dominated region 

20 where they are annihilated. The concentration of such 

intrinsic point defects may thus be suppressed to prevent an 
agglomeration event from occurring in the interstitial 
dominated region, the vacancy dominated region, or both. 
The amount of time allowed for diffusion of the 

25 intrinsic point defects to the surface of the silicon, or to 
locations within the silicon matrix where they may 
recombined with a point defect of a different character 
(e.g., an interstitial diffusing to recombined with a 
vacancy) , for their annihilation as the single crystal cools 

30 from the temperature of solidification to the temperature of 
nucleation is, in part, a function of the initial 
concentration of intrinsic point defects, and, in part, a 
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function of the cooling rate through the nucleation 
temperature for agglomerated defects. For example, in the 
absence of a rapid cooling step, agglomerated defects can 
generally be avoided if the ingot is cooled from the 
5 solidification temperature to a temperature within about 

50°C, 25°C, 15°C or even 10°C of the nucleation temperature 
over a period of (i) at least about 5 hours, preferably at 
least about 10 hours, and more preferably at least about 15 
hours for 150 mm nominal diameter silicon crystals, (ii) at 
10 least about 5 hours, preferably at least about 10 hours, 

BBS? 

Q more preferably at least about 2 0 hours, still more 

*p preferably at least about 2 5 hours, and most preferably at 

EM least about 3 0 hours for 200 mm nominal diameter silicon 

ip crystals, (iii) at least about 20 hours, preferably at least 

s x 15 about 4 0 hours, more preferably at least about 6 0 hours, and 
M' most preferably at least about 75 hours for silicon crystals 

fTi having a nominal diameter of 3 00 mm or greater. 

Q However, it is to be noted that the prevention of 

agglomerated defects may alternatively be achieved by a 
20 rapid cooling, or "quench cooling," process. More 

specifically, as an alternative to preventing agglomerated 
defect formation by slow cooling (in order to allow for 
diffusion, and thus suppression, of the intrinsic point 
defect concentration) , a quench cooling process may be 
2 5 employed, wherein the ingot segment is quench- cooled through 
the temperature range at which agglomerated defects are 
nucleated. As a result, nucleation (and thus formation) of 
agglomerated defects is prevented. 

Accordingly, for those segments of the ingot which will 
30 be rapidly cooled, the diffusion time allowed will typically 
be some fraction of the time noted above, with the fraction 
decreasing with increasing cooling rates, whereas the 
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diffusion time allowed for those segments which are not 
rapidly cooled will be as described above. In some 
embodiments, as a percentage of the constant diameter 
portion of the ingot which is free of agglomerated defects, 
5 the segments which are rapidly cooled may constitute at 
least about 25%, 50%, 75%, 90% or even more. 

The temperature at which nucleation of agglomerated 
defects occurs under slow- cool conditions is dependant upon 
the concentration and type of predominant intrinsic point 

10 defects (vacancy or silicon self - interstitial ) . In general, 
the nucleation temperature increases with increasing 
concentration of intrinsic point defects. In addition, the 
range of nucleation temperatures for agglomerated vacancy- 
type defects is somewhat greater than the range of 

15 nucleation temperatures for agglomerated interstitial -type 
defects. Accordingly, for some embodiments of the present 
process, given the range of silicon self -interstitial or 
vacancy concentrations typically produced in Czochralski- 
grown single crystal silicon: (i) the nucleation temperature 

2 0 for agglomerated vacancy defects is generally between about 

1,000°C and about 1,2 00°C, or between about 1,000°C and 
about 1,100°C; whereas, (ii) the nucleation temperature for 
agglomerated interstitial defects is generally between about 
850°C and about 1,100°C, or between about 870°C and about 
25 970°C. 

In one approach of the present invention, the ingot is 
rapidly cooled over the entire range of temperatures at 
which the predominant intrinsic point defects nucleate to 
form agglomerated defects. In another approach, an estimate 

3 0 of the temperature at which nucleation of the predominant 

intrinsic point defects occurs is experimentally or 
otherwise determined and the ingot is rapidly cooled over a 
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range of temperatures extending from temperatures of 10°C, 
15 °C, 25°C, 50°C or more in excess of the determined 
nucleation temperature to temperatures of 10°C, 15°C, 25°C, 
50 °C or more below the determined nucleation temperature. 
5 For example, under certain conditions it has been 

experimentally determined that the nucleation temperature is 
typically about 1,050°C for vacancy dominated silicon and 
about 920°C for silicon self - interstitial dominated silicon. 
Under these conditions, therefore, it is generally preferred 

10 that the ingot be rapidly cooled over the range of 

temperatures of 1,050 ± 10°C, 1,050 ± 15°C, 1,050 ± 25°C, 
1,050 ± 50°C or more for vacancy dominated silicon and that 
the ingot be rapidly cooled over the range of temperatures 
of 920 ± 10°C, 920 ± 15°C, 920 ± 25°C, 920 ± 50°C or more 

15 for self -interstitial dominated silicon. 

The temperature at which nucleation of the predominant 
intrinsic point defects occurs can be experimentally 
determined for a given crystal puller and process as 
follows. It is believed that silicon self - interst it ials in 

20 a defined region of the ingot remain as point defects and do 
not nucleate to form agglomerated defects until that region 
passes through the section of the hot zone where the silicon 
reaches the temperature of nucleation. That is, under 
typical Czochralski growth conditions, the region is 

25 originally formed at the solid/liquid interface and has a 
temperature of approximately the melt temperature of 
silicon. As the region is pulled away from the melt during 
the growth of the remainder of the ingot the temperature of 
the region cools as it is pulled through the hot zone of the 

30 crystal puller. The hot zone of a particular crystal puller 
typically has a characteristic temperature profile, 
generally decreasing with increasing distances from the melt 
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solid interface, such that at any given point in time, the 
region will be at a temperature approximately equal to the 
temperature of the section of the hot zone occupied by the 
region. Accordingly, the rate at which the region is pulled 
5 through the hot zone affects the rate at which the region 
cools. Accordingly, an abrupt change in the pull rate will 
cause an abrupt change in the cooling rate throughout the 
ingot. Significantly, the rate at which a particular region 
of the ingot passes through the temperature of nucleation 

10 affects both the size and density of agglomerated defects 
formed in the region. Thus, the region of the ingot which 
is passing through the nucleation temperature at the time 
the abrupt change is made will exhibit an abrupt variation 
in the size and density of agglomerated intrinsic point 

15 defects, hereinafter referred to as a nucleation front. 

Because the nucleation front is formed at the time the pull 
rate is varied, the precise location of the nucleation front 
along the axis of the ingot can be compared to the position 
of the ingot and correspondingly the nucleation front within 

20 the hot zone at the time the abrupt change in pull rate was 
made and compared with the temperature profile of the hot 
zone to determine the temperature at which the nucleation of 
agglomerated intrinsic point defects occurs for the type and 
concentration of intrinsic point defects in the location of 

25 the nucleation front. 

Thus, persons skilled in the art can grow a silicon 
ingot by the Czochralski method under process conditions 
designed to produce an ingot which is either vacancy rich or 
silicon self -interstitial rich and, by making abrupt changes 

3 0 in the pull rate, by noting the position of the ingot with 
respect to the temperature profile in the hot zone at the 
point in time in which the pull rate is changed, and by 
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observing the axial location of the nucleation front, an 
approximation can be made as to the temperature of 
nucleation for the concentration of intrinsic point defects 
present along the nucleation front. Additionally, since the 
5 temperature and intrinsic point defect concentration varies 
radially along the nucleation front, the temperature and 
intrinsic point defect concentration can be determined at 
several points along the nucleation front and the 
temperature of nucleation can be plotted against the 

10 intrinsic point defect concentration to determine the 

temperature of nucleation as a function of intrinsic point 
defect concentration. The temperature of the silicon along 
the nucleation front can be determined using any thermal 
simulation method known in the art which is capable of 

15 estimating the temperature at any location within a 

Czochralski reactor, such as for example, the thermal 
simulation described in Virzi, "Computer Modeling of Heat 
Transfer in Czochralski Silicon Crystal Growth," Journal of 
Crystal Growth , vol. 112, p. 699 (1991). The concentration 

20 of silicon self - interstitials may be estimated along the 
nucleation front using any point defect simulation method 
known in the art which is capable of estimating the 
concentration of intrinsic point defects at any point in the 
ingot, such as for example, the point defect simulation 

25 described in Sinno et al . , "Point Defect Dynamics and the 
Oxidation- Induced Stacking-Fault Ring in Czochralski -Grown 
Silicon Crystals," Journal of Electrochemical Society , vol. 
145, p. 302 (1998) . Finally, the temperature of nucleation 
versus intrinsic point defect concentration can be obtained 

3 0 for an expanded range of temperatures and concentration by 

growing additional ingots under varying growth parameters to 
produce ingots with increased or decreased initial 
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concentrations of intrinsic point defects, and repeating the 
cooling experiment and analysis described above. 

In one approach, the single crystal silicon is 
preferably cooled through the nucleation temperature as 
5 rapidly as possible without fracturing the single crystal 
ingot. The cooling rate through this temperature is, 
therefore, preferably at least 5°C/min., more preferably at 
least about 10°C/min. , more preferably at least about 
15°C/min., still more preferably at least about 20°C/min. , 

10 still more preferably at least about 30°C/min., still more 
preferably at least about 40°C/min., and still more 
preferably at least about 50°C/min. 

In general, the single crystal silicon may be cooled 
through the nucleation temperature for agglomerated 

15 intrinsic point defects by means of at least two alternative 
approaches. In the first approach, the entire ingot (or at 
least those portions which are desired to be free of 
agglomerated A-type interstitial defects, and optionally 
vacancy defects) are maintained at a temperature in excess 

2 0 of the nucleation temperature until the ingot tail is 

completed; the ingot is then detached from the melt, the 
heat input to the hot zone is shut down, and the single 
crystal silicon is moved from the hot zone of the 
Czochralski reactor to a chamber separate from the hot zone, 

2 5 such as a crystal receiving or other cooling chamber to 

quench cool the entire crystal (or at least those portions 
which are desired to be free of agglomerated A-defects, and 
optionally vacancy defects) . The cooling chamber may be 
jacketed with a heat exchanging device designed to utilize a 

3 0 cooling medium, for example cooling water, to remove heat 

from the cooling chamber at a rate sufficient to cool the 
single crystal silicon ingot at the desired rate, without 
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directly contacting the single crystal silicon to the 
cooling medium. Alternatively, or in addition to using 
cooling jacket, a pre-cooled gas such as, for example, 
helium may be used to continuously purge the crystal 
5 receiving or other cooling chamber to facilitate more rapid 
cooling. Methods for removing heat from a process vessel 
are well know in the art, such that persons skilled in the 
art could employ a variety of means for removing heat from 
the crystal receiving or other cooling chamber without 

10 requiring undue experimentation. 

In a second approach, a portion, preferably a large 
portion, of the ingot is quenched during crystal growth. In 
this approach, the hot zone of the crystal puller is 
designed to (i) achieve a desired value (or range of values) 

15 for v/G 0 across the entire radius of the growing crystal, 

(ii) provide adequate diffusion of intrinsic point defects 
at temperatures intermediate of the temperature of 
solidification and the nucleation temperature for 
agglomerated intrinsic point defects, and (iii) quench cool 

2 0 the ingot through the nucleation temperature for 

agglomerated intrinsic point defects of the type which 
predominate in the grown crystal by applying a steep axial 
temperature gradient over a range of temperatures containing 
the nucleation temperature. 
25 Regardless of the approach, the ingot may optionally 

contain, in addition to the rapidly cooled segment, at least 
one other segment in which agglomeration reactions are 
avoided (in an axially symmetric region) simply by 
controlling the initial concentration of intrinsic point 

3 0 defects, and optionally allowing adequate time for diffusion 

prior to reaching the nucleation temperature therein (as 
described above) . 
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As further described elsewhere herein, it is to be 
noted that, regardless of the manner employed for cooling to 
avoid the formation of agglomerated intrinsic point defects 
(in one or both axially symmetric regions) , controlled 
5 cooling may additionally be needed to avoid the formation of 
nuclei which lead to the formation of oxidation induced 
stacking faults. More specifically, as noted above, the 
rate of cooling, as well as the temperature range over which 
controlled cooling must be achieved, in order to avoid the 

10 formation of agglomerated intrinsic point defects, is at 

least in part dependent upon the concentration of intrinsic 
point defects. In some instances, this concentration may be 
such that controlled cooling (either slow cooling, to allow 
for outdif fusion, or quench cooling to avoid nucleation) 

15 need only occur over a temperature range down to about 
1100°C, 1050°C or even 1000°C. In such instanced, as 
further described herein, cooling will also be controlled to 
avoid the formation of nuclei which lead to the formation of 
oxidation induced stacking faults (typically over a 

20 temperature range of from less than about 1100°C to greater 
than about 700°C, from about 1050°C to about 750°C, or from 
about 1000°C to about 800°C) . However, in those instances 
wherein quench cooling is employed to temperatures below 
about 900°C, 850°C, 800°C, or even 750°C, formation of such 

2 5 nuclei may be avoided at the same time; that is, depending 
upon the oxygen content and intrinsic point defect content 
of the silicon, the silicon may be quenched through a 
temperature range which is sufficient to avoid both 
nucleation of agglomerated intrinsic point defects and well 

30 as the nucleation (and thus the formation of) oxidation 
induced stacking fault nuclei. 
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A -Type and B-Type 
Interstitial Defects 

In one embodiment of the present invention, the cooled 
ingot may contain B-defects, a type of defect which forms in 
5 interstitial dominated material. While the precise nature 
and mechanism for the formation of B-defects is not known, 
it has become generally accepted that B-defects are 
agglomerations of silicon self - interst it ials which are not 
dislocation loops. B-defects are smaller than A-defects (an 

10 agglomerated interstitial defect) and are generally thought 
not to be dislocation loops, but rather to be three 
dimensional agglomerations which have either not grown large 
enough or not reached a sufficient activation energy 
necessary to form dislocation loops. At this point, it is 

15 not yet clear that B-defects when present in an active 
electronic device region would negatively impact the 
performance of that device . 

In any event, it has been discovered that B-defects can 
be readily dissolved by slicing the ingot into wafers and 

2 0 heat-treating the wafers, provided the B-defects have not 
previously been stabilized. In one approach, therefore, 
wafers containing unstabilized B-defects are placed in a 
rapid thermal annealer and the wafer is rapidly heated to a 
target temperature (at which the B-defects begin to 

2 5 dissolve) and annealed at that temperature for a relatively 
short period of time. In general, the target temperature is 
preferably at least about 1050 °C, more preferably at least 
about 1100°C, more preferably at least about 1150°C, still 
more preferably at least about 12 00°C, and most preferably 

30 at least about 1250°C. The wafer will generally be held at 
this temperature for a period of time which depends, in 
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part, upon the target temperature with greater times being 
required for lesser temperatures. In general, however, the 
wafer will be held at the target temperature for at least 
several seconds (e.g., at least 3), preferably for several 
5 tens of seconds (e.g., 10, 20, 30, 40, or 50 seconds) and, 
depending upon the desired characteristics of the wafer and 
the target temperature, for a period which may range up to 
about 60 seconds (which is near the limit for commercially 
available rapid thermal annealers) . 

10 Heat -treatments at lesser temperatures for extended 

periods appear to stabilize B-defects. For example, 
annealing silicon containing B-defects at 900°C for a period 
of four hours can stabilize the B-defects such that they are 
incapable of being dissolved by heat-treatments not in 

15 excess of about 1250°C. Thus, the temperature of the wafer 
is ramped up to the target temperature relatively rapidly 
(e.g., at a rate of about 25°C/sec. or more) to avoid 
stabilizing the defects; this can be accomplished in a rapid 
thermal annealer in a matter of seconds . 

2 0 If desired, the heat -treatment can be carried out in a 

manner which also enables the dissolution of nuclei which 
lead to the formation of oxidation induced stacking faults 
(as further described here) , and/or the formation of a 
denuded zone in the near surface region of the wafer and 

25 micro defects in the bulk of the wafer. Such a process is 
carried out in a rapid thermal annealer and the wafers are 
rapidly heated to a target temperature and annealed at that 
temperature for a relatively short period of time. In 
general, the wafer is subjected to a temperature in excess 

30 of 1150°C, preferably at least 1175°C, more preferably at 

least about 1200°C, and most preferably between about 1200°C 
and 1275°C. This rapid thermal annealing step may be 
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carried out in the presence of a nitriding atmosphere or 
non-nitriding atmosphere. Nitriding atmospheres include 
nitrogen gas (N 2 ) or a nitrogen-containing compound gas such 
as ammonia which is capable of nitriding an exposed silicon 
5 surface. Suitable non-nitriding atmospheres include argon, 
helium, neon, carbon dioxide, and other such non- oxidizing, 
non-nitriding elemental and compound gases, or mixtures of 
such gases. The wafer will generally be maintained at this 
temperature for at least one second, typically for at least 

10 several seconds (e.g., at least 3), preferably for several 
tens of seconds (e.g., 20, 30, 40, or 50 seconds) and, 
depending upon the desired characteristics of the wafer, for 
a period which may range up to about 60 seconds (which is 
near the limit for commercially available rapid thermal 

15 annealers) . 

Upon completion of heat -treatment step, the wafer can 
be rapidly cooled through the range of temperatures at which 
crystal lattice vacancies are relatively mobile in the 
single crystal silicon. In general, the average cooling 

20 rate within this range of temperatures is at least about 5°C 
per second and preferably at least about 2 0°C per second. 
Depending upon the desired depth of the denuded zone, the 
average cooling rate may preferably be at least about 50 °C 
per second, still more preferably at least about 100°C per 

25 second, with cooling rates in the range of about 100 °C to 
about 200°C per second being presently preferred for some 
applications. Once the wafer is cooled to a temperature 
outside the range of temperatures at which crystal lattice 
vacancies are relatively mobile in the single crystal 

3 0 silicon, in some instances the cooling rate does not appear 
to significantly influence the precipitating characteristics 
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of the wafer and thus, does not appear to be narrowly 
critical . 

Conveniently, the cooling step may be carried out in 
the same atmosphere in which the heating step is carried 
5 out. The ambient preferably has no more than a relatively 
small partial pressure of oxygen, water vapor, and other 
oxidizing gases. While the lower limit of oxidizing gas 
concentration has not been precisely determined, it has been 
demonstrated that for partial pressures of oxygen of 0.01 

10 atmospheres (atm.), or 10,000 parts per million atomic 

(ppma) , no increase in vacancy concentration and no effect 
is observed. Thus, it is preferred that the atmosphere have 
a partial pressure of oxygen and other oxidizing gases of 
less than 0.01 atm. (10,000 ppma); more preferably the 

15 partial pressure of these gases in the atmosphere is no more 
than about 0.005 atm. (5,000 ppma), more preferably no more 
than about 0.002 atm. (2,000 ppma), and most preferably no 
more than about 0.001 atm. (1,000 ppma). 

It is to be noted that the process of the present 

2 0 invention is in part directed to the avoidance of 

agglomerated defects which are known to impact the yield 
potential of the silicon material in the production of 
complex and highly integrated circuits, such agglomerated 
defects including agglomerated vacancy defects (e.g., D- 

25 defects) and A-defects which cannot be readily dissolved 

throughout the silicon wafer by a heat -treatment of the type 
which may be used to dissolve B-defects. Because B-defects 
can be readily dissolved and may not be deleterious in any 
event, in one embodiment the process of the present 

30 invention includes the preparation of single crystal silicon 
having an axially symmetric region which includes B-defects 
but is otherwise substantially free of agglomerated defects. 
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In this instance, B-defects may be treated as if they are 
not an agglomerated intrinsic point defect. To the extent 
it is desired, however, that the single crystal silicon be 
substantially free of all agglomerated defects, including B- 
5 defects, the process includes the additional step of 

annealing wafers sliced from the B-defect containing ingot 
to eliminate them. 

Vacancy-Dominated, 
Axiallv Symmetric Region: 

10 As described above, generally speaking the process of 

the present invention enables the formation of segment of a 
single crystal silicon ingot wherein a V/I boundary is 
present; that is, the present invention enables the 
preparation of a single crystal silicon ingot segment having 

15 an interstitial -dominated, axially symmetric region 

extending radial inward from the lateral surface of the 
ingot which is substantially defect free, and a vacancy- 
dominated, axially symmetric region extending radially 
inward from the interstitial -dominated region (which may 

20 optionally be substantially defect free) . Accordingly, as 
the radial width of the interstitial -dominated region 
increases, the radial width of the vacancy- dominated region 
decreases, and vice versa (the combined radial width of the 
two regions being essentially equal to the radius of the 

25 ingot) . As a result, the radial width of the vacancy- 
dominated region may in some instances be at least about 5%, 
10% or 2 0% of the radius of the ingot, with widths of about 
30%, 40%, 60%, 80% or 90% being possible. Furthermore, this 
axially symmetric region can extend over a length of at 

30 least about 10% or 20% of the constant diameter portion of 
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the ingot, with lengths of at least about 30%, 40%, 60%, 
80%, 90%, 95% or even about 100% being possible. 

Furthermore, it is to be noted that, generally 
speaking, the processes described herein for control of the 
5 formation of agglomerated interstitial defects may in some 
instances also be employed to avoid the formation of 
agglomerated vacancy defects in the vacancy-dominated 
region, as well. 

Oxidation-Induced Stacking Faults 

10 With respect to the vacancy- dominate region, it is also 

to be noted that, as has previously been reported (see, 
e.g., U.S. Patent Nos . 5,919,302 and 6,254,672, as well as 
PCT Patent Application Serial Nos. PCT/US98/07356 and 
PCT/US98/07304 , all of which are incorporated herein by 

15 reference) , oxygen induced stacking faults and bands of 

enhanced oxygen clustering typically occur just inside the 
V/I boundary and, as the oxygen content increases, these 
become more pronounced. Without being held to any 
particular theory, it is generally believed that the 

20 formation or nucleation of the nuclei which, when exposed to 
suitable thermal conditions, may lead to the formation of 
oxidation induced stacking faults, occurs over a temperature 
range of from less than about 1100°C (e.g., about 1050°C or 
even 1000°C) to greater than about 800°C (e.g., about 850°C 

25 or even 900°C) , the precise temperature at which nucleation 
occurs varying with the oxygen concentration; that is, 
nucleation may occur over a temperature range of rom about 
800°C to about 1100°C, from about 850°C to about 1050°C, or 
from about 900°C to about 1000 °C, depending upon the oxygen 

30 content of the single crystal silicon ingot (nucleation for 
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higher concentrations generally occurring at higher 
temperatures and vice versa) . 

Much like the process of agglomerated intrinsic point 
defect formation, once nucleation occurs, growth of these 
5 OISF nuclei will continue as long as the temperature is 

sufficiently high for oxygen to diffuse through the crystal 
lattice to these nucleation sites, which act as "sinks" for 
the oxygen. Generally speaking, such diffusion continues to 
occur within a commercially practical period of time until a 

10 temperature greater than about 700°C (e.g., 750°C, 775°C, 

800 °C) is reached. Accordingly, control of the cooling rate 
over a temperature range bound at the upper end by 
nucleation of OISF nuclei and the lower end by oxygen 
mobility enables the number and size of these nuclei to be 

15 limited (rapid cooling resulting in smaller nuclei, given 
that less time is allowed for diffusion and therefore 
growth, and possibly fewer or essentially no nuclei, if the 
ingot segment is "quenched" through the nucleation 
temperature here) . 

2 0 As noted above, in some instances, a quench process may 

be employed to prevent both the formation of agglomerated 
intrinsic point defects as well as the formation of nuclei 
which lead to the formation of oxidation induced stacking 
faults. However, in those instances wherein this is not 
25 achieved, such as wherein (i) slow cooling is employed to 

allow for diffusion of intrinsic point defects (to suppress 
intrinsic point defect concentrations below critical 
supersaturation) down to a temperature of about 110 0°C or 
1050°C, for example, or (ii) quench cooling is employed, but 

3 0 through a temperature range which does not overlap, or 

sufficiently overlap, with the temperature range for 
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nucleation of OISF nuclei, an additional cooling step is 
employed to control formation of OISF nuclei. 

Generally speaking, this additional cooling step 
involves cooling the ingot segment through the temperature 
5 range described above (e.g., from about 110 0°C to about 
700°C, from about 1050°C to about 750°C, or from about 
1000°C to about 800°C) , at a rate which is sufficient to 
limit the formation of OISF nuclei, such that a wafer, 
obtained from this ingot segment, upon being subject to 

10 conditions sufficient for the formation of oxidation induced 
stacking faults, will have an OISF concentration of less 
than about 50 /cm 2 , preferably less than about 4 0 /cm 2 , more 
preferably less than about 30/cm 2 , and still more preferably 
less than about 20/cm 2 (e.g., less than about 15/cm 2 or even 

15 10/cm 2 ) . Most preferably, however, formation of OISF nuclei 
is sufficiently limited or controlled, such that a wafer 
obtained from the ingot segment is substantially free of 
oxidation induced stacking faults. 

It is to be noted that, as used herein, "substantially 

20 free of oxidation induced stacking faults," as well as 

variations thereof, refers to a concentration which is less 
than the current detection limits of such defects (e.g., 
less than about 5/cm 2 or even about 3 /cm 2 ) , by means common 
in the art . 

25 It is to be further noted that, while the precise 

conditions which are sufficient to lead to the formation of 
oxidation induced stacking faults may vary from one wafer 
sample to another, the conditions for this thermal oxidation 
process are generally known in the art, typically involving 

30 heating the wafer for a period of time (e.g., about 1 hour, 
2 hours, 4 hours, 8 hours, 10 hours or more) at a 
temperature in the range of 900°C and 1200°C in dry oxygen, 
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wet oxygen or steam. For example, even a common oxygen 
precipitation heat treatment, which consists essentially of 
annealing a wafer at about 800 °C for about 4 hours, and then 
at about 10 0 0°C for about 16 hours, can result in the 
5 formation of such faults. 

These result can typically be achieved by cooling the 
ingot segment through this temperature range at a rate of at 
least about l°C/minute, with cooling rates of at least about 
1.5°C/minute, 2°C/minute, 2 . 5°C/minute, 3°C/minute or more 

10 (e.g., about 5°C/minute, about 10°C/minute, or more), 
depending upon for example the oxygen content of the 
silicon. More specifically, it is to be noted in this 
regard that the cooling rate needed to achieve the desired 
result is at least in part dependent upon the oxygen 

15 concentration of the silicon. For example, typically for 
oxygen contents ranging from about 11 to about 14.5 PPMA 
(parts per million atomic, ASTM standard F-121-83) , a rate 
of at least about l°C/minute, 1.5°C/minute or even 
2°C/minute may be needed, while for oxygen contents ranging 

20 from about 14.5 to about 18 PPMA or more, a rate of at least 
about 2°C/minute, 2 . 5 °C/minute , 3°C/minute or more may be 
needed . 

It is to be noted, however, that in some instances the 
wafer may be subjected to a thermal anneal prior to further 

2 5 processing (such as prior to being subjected to an oxidation 

treatment wherein oxidation induced stacking faults are 
formed) , in order to dissolve or otherwise alter nuclei 
present which lead to the formation of oxidation induced 
stacking faults. Stated another way, the process of the 

3 0 present invention may additionally include a thermal anneal, 

after the ingot segment has been grown and a wafer obtained 
therefrom, prior to an oxidation treatment, in order to 
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achieve the formation of a silicon wafer having an OISF 
concentration as described above. 

This thermal anneal, or rapid thermal anneal, may be 
carried out by a number of different means described herein 
5 (see, e.g., discuss above regarding dissolution of B- 
defects) , as well as those methods described in, for 
example: U.S. Patent Nos . 5,994,761 and 6,336,968; PCT 
Application Serial No. PCT/US99/193 01 ; and, PCT Application 
Serial No. PCT/US99/24068 (all of which are incorporated 

10 herein by reference) . Generally speaking, such a treatment 
may involve heating the wafer to a temperature of at least 
about 950°C, 1000°C, 1100°C, 1200°C or more (e.g., from 
about 1250°C to about 1270°C) for a few seconds (e.g., 2, 4, 
6, 8), tens of seconds (e.g., 10, 20, 30, 40), or even 

15 several minutes, depending upon the temperature employed and 
the size and/or number of nuclei to be dissolved. 
Alternatively, however, the wafer may be rapidly heated 
(e.g., at a rate of at least l°C/sec), for example, to a 
temperature typically not in excess of about 1300°C (e.g. a 

20 temperature of about 1250°C, 1225°C, or even 1200°C) , as 
described in, for example, U.S. Patent No. 5,994,761. 

Additional Material 
Features/Limitations : 

Carbon Content 

25 Substitutional carbon, when present as an impurity in 

single crystal silicon, has the ability to catalyze the 
formation of oxygen precipitate nucleation centers. For 
this and other reasons, therefore, it is preferred that the 
single crystal silicon ingot have a low concentration of 
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carbon. That is, the concentration of carbon in the single 
crystal silicon is preferably less than about 5 x 10 1S 
atoms/cm 3 , more preferably less than lxlO 16 atoms/cm 3 , and 
still more preferably less than 5xl0 15 atoms/cm 3 , as 
5 determined by means known in the art . 

Light Point Defects/ 
Gate Oxide Integrity 

The present process enables the formation of silicon 
wafers have significantly improved performance, including 
for example, a surface number of light point defects (LPDs) 
of a size (i.e., effective diameter) of greater than or 
equal to about 0.12 microns in size of less than about 75, 
50, 25 or even 10 per wafer, as determined by means known in 
the art. In addition, the present process enables the 
formation of wafers having a gate oxide integrity (GOI) pass 
rate at least about 70% or even 75%, with rates of 80%, 85%, 
90% or more being possible in some instances. 

Applications 

It is to be noted that wafers which are sliced from 
2 0 ingots grown in accordance with the present invention are 

suitable for use as substrates upon which an epitaxial layer 
may be deposited. Epitaxial deposition may be performed by 
means common in the art . 

Wafers which are sliced from ingots grown in accordance 
25 with the present invention are also suitable for use as 

substrates for semiconductor on insulator structures (e.g., 
SIMOX or bonded applications) . The semiconductor on 
insulator composite may be formed, for example, as described 
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in Iyer et al . , U.S. Patent No. 5,494,849. The present 
wafers may be employed in such applications as the substrate 
wafer or the device layer. 

Furthermore, it is also to be noted that wafers 
5 prepared in accordance with the present invention are 
suitable for use in combination with hydrogen or argon 
annealing treatments, such as the treatments described in 
European Patent Application No. 503,816 Al . 

Crystal Pulling Apparatus: 

10 It is to be noted that the process of the present 

invention may generally be carried out using equipment 
commercially available and/or designed using means common in 
the art. However, one novel embodiment of a crystal pulling 
apparatus particularly suitable for use in the present 

15 invention will now be described herein. 

Referring now to the drawings and in particular to Fig. 
3, a crystal puller for carrying out the method of the 
present invention is designated in its entirety by the 
reference numeral 22. The crystal puller 22 includes a 

20 water cooled housing, generally indicated at 24, for 

isolating an interior which includes a lower crystal growth 
chamber 2 6 and an upper pull chamber 2 8 having a smaller 
transverse dimension than the growth chamber. A quartz 
crucible 3 0 seated in a susceptor 32 has a cylindrical side 

25 wall 34 and contains molten semiconductor source material M 
from which the monocrystalline silicon ingot I is grown. 
The susceptor 32 is mounted on a turntable 3 6 for rotation 
of the susceptor and crucible 31 about a central 
longitudinal axis X. The crucible 3 0 is also capable of 

3 0 being raised within the growth chamber 2 6 to maintain the 
surface of the molten source material M at a generally 
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constant level as the ingot I is grown and source material 
is removed from the melt. A resistance heater 38 surrounds 
the crucible 3 0 for heating the crucible to melt the source 
material M in the crucible. The heater 3 8 is controlled by 
5 an external control system (not shown) so that the 

temperature of the molten source material M is precisely 
controlled throughout the pulling process. 

A pulling mechanism includes a pull shaft 40 extending 
down from a mechanism (not shown) capable of raising, 

10 lowering and rotating the pull shaft. The crystal puller 22 
may have a pull wire (not shown) rather than a shaft 40, 
depending upon the type of puller. The pull shaft 4 0 
terminates in a seed crystal chuck 42 which holds a seed 
crystal C used to grow the monocrystalline or single crystal 

15 silicon ingot I. The pull shaft 40 has been partially 

broken away in Fig. 3, both at its top and where it connects 
to the chuck 42. In growing the ingot I, the pulling 
mechanism lowers the seed crystal C until it contacts the 
surface of the molten source material S. Once the seed 

20 crystal C begins to melt, the pulling mechanism slowly 

raises the seed crystal up through the growth chamber 2 6 and 
pull chamber 28 to grow the monocrystalline ingot I. The 
speed at which the pulling mechanism rotates the seed 
crystal C and the speed at which the pulling mechanism 

25 raises the seed crystal (i.e., the pull rate v) are 

controlled by the external control system. The general 
construction and operation of the crystal puller 22, except 
to the extent explained more fully below, is conventional 
and known by those of ordinary skill in the art. 

3 0 A heat shield assembly 50 is mounted in the growth 

chamber 2 6 above the molten source material M and has a 
central opening 51 sized and shaped to surround the ingot I 
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as the ingot is pulled up from the source material. The 
heat shield assembly 50 comprises an insulating layer 52 
contained between co-axially positioned inner and outer 
reflectors, 54 and 56 respectively. The outer reflector 56 
5 is generally conical and has an annular flange 58 extending 
radially outward from a top end 60 of the reflector. The 
flange 58 is sized for seating over an annular support ring 
62 disposed in the growth chamber 26 for supporting the heat 
shield assembly 50. The outer reflector 56 slopes inward 

10 and downward from the annular flange 58 and extends down 

into the crucible 3 0 to a position above the melt surface so 
that the outer reflector is at least partially interposed 
between the crucible side wall 34 and the growing ingot I. 
The outer reflector 56 is sloped in this manner to direct 

15 heat radiated from the crucible side wall 34 downward away 

from the ingot I as the ingot passes through the heat shield 
assembly 50 and directs convective air currents outwardly as 
they rise from within the crucible 30. 

A second, or lower annular flange 64 extends radially 

2 0 inward from a bottom of the outer reflector 56 to define a 
bottom of the heat shield assembly 50. An annular support 
ledge 68 extends vertically up from the inner peripheral 
edge of the lower flange 64 for supporting the inner 
reflector 54, as will be described further below. The outer 

25 reflector 56 is preferably constructed of a graphite 

material, and more particularly of silicon carbide coated 
graphite. The outer reflector 56 has a central opening 72 
defining the central opening 51 of the heat shield assembly 
50 . 

30 The inner reflector 54 is also generally conical, 

having a tapered main portion 8 0 and a mounting portion 82 
extending generally vertically down from the bottom of the 
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tapered main portion of the inner reflector. As illustrated 
in Fig. 3, the mounting portion 82 of the inner reflector 54 
includes an annular lip 84 extending generally radially 
inward from the top of the mounting portion for seating on 
5 the support ledge 68 of the outer reflector 56. The inner 

reflector 54 thus rests on the support ledge 68 of the outer 
reflector 56, with the bottom of the mounting portion 80 of 
the inner reflector being spaced slightly above the lower 
flange 64 of the outer reflector. 
;* io The tapered main portion 80 of the inner reflector 54 

□ slopes upward and outward from the mounting portion 82. The 

p top of the inner reflector 54 is generally in flush 

Jj alignment with the upper flange 58 of the outer reflector 

f3 56. In the preferred embodiment, the tapered main portion 

~ 15 82 of the inner reflector 54 is radially spaced a small 

distance from the outer reflector 5 6 so that the only 
y contact between the inner and outer reflectors occurs where 

3 the lip 84 of the inner reflector seats on the ledge 68 of 

the outer reflector. The spacing also permits expansion of 
2 0 the outer reflector 56 upon being heated during operation of 
the puller 22 without engaging and compressing the inner 
reflector 54. Spacing the inner reflector 54 from the outer 
reflector 56 in this manner reduces the amount of heat 
transferred from the outer reflector to the inner reflector. 
25 In the illustrated embodiment of Fig. 3, the outer reflector 
56 is shaped to define an annular insulation chamber 86 
between the inner and outer reflectors. The insulation 52 
is constructed of a material having low thermal conductivity 
is contained in the insulation chamber 86 to further 
30 insulate a portion of the inner reflector 54 against heat 

transfer from the outer reflector 56 to the inner reflector. 
The inner reflector 54 is preferably constructed of the same 
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material as the outer reflector. However, the inner and 
outer reflectors 54, 56 may be constructed of other similar 
materials without departing from the scope of this 
invention . 



described above is substantially the same as that described 
in U.S. Patent No. 6,197,111, which is incorporated herein 
by reference. 

Still referring to Fig. 3, the crystal puller 22 

10 further includes a cooling system, generally indicated at 
100, mounted on the crystal puller housing 24 adjacent the 
bottom of the pull chamber 2 8 and extending down into the 
growth chamber 26 to above the heat shield assembly 50. The 
cooling system 100 comprises a cylindrical housing 102 

15 having an inner panel 104, an outer panel 10 6 spaced 

radially outward from the inner panel in generally parallel 
relationship therewith, a bottom 108 and a top 110 arranged 
relative to each other to define an interior chamber 112. 
The bottom 108 of the housing 102 is sufficiently spaced 

2 0 above the top of the heat shield assembly 5 0 to permit 

viewing of the growing ingot I between the cooling system 
and the heat shield assembly via a view port 90 in the 
crystal puller housing 24 and to permit a feed tube (not 
shown, but mounted to the crystal puller housing at a feed 

2 5 tube port 92) to be moved there between for positioning 

above the crucible 3 0 to feed unmelted polycrystalline 
silicon into the crucible. As an example, the spacing 
between the bottom 108 of the cooling system housing 102 and 
the top of the heat shield assembly 50 is approximately one 

3 0 to two inches. A cooling tube 114 is disposed in the 

interior chamber 112 defined by the cooling system housing 
102 and has a coil construction, with turns 116 of the 



5 



The heat shield assembly 50 shown in Fig. 3 and 



Express Mail Label 
No. EL937976062US 



45 



MEMC 01-0151(2960.1) 
PATENT 



cooling tube circumscribing the inner panel 104 of the 
housing in close contact relationship therewith. The 
cooling tube 114 is sized relative to the cooling system 
housing 102 such that the turns 116 of the cooling tube are 
5 also in close contact relationship with the outer panel 106 
of the housing. 

An adapter ring, generally indicated at 118, of the 
cooling system 10 0 is configured for seating on the crystal 
puller housing 24 generally at the bottom of the pull 
10 chamber 2 8 to secure the cooling system in the puller 

housing. The adapter ring 118 comprises a flange member 120 
extending radially outward from the outer panel 106 of the 
cooling system housing 102 slightly below the top thereof. 
An annular plenum 122 extends within the flange member 12 0 
15 for directing cooling fluid therethrough to cool the adapter 
ring 118. An opening 124 in the outer panel 106 of the 
cooling system housing 102 provides fluid and mechanical 
communication between the annular plenum 122 and the 
interior chamber 112 of the cooling system housing. An 
2 0 inlet port 126 extends from the annular plenum 122 radially 
outward through the flange member 12 0 for connection via a 
suitable conduit (not shown) to a source of cooling fluid 
(not shown) , such as water, to receive cooling fluid into 
the cooling system 100. An outlet port 128 also extends 
2 5 from the annular plenum 122 radially outward through the 

flange member 12 0 for connection with a another conduit (not 
shown) to exhaust cooling fluid from the cooling system 100. 

As illustrated in Fig. 4 and 5, the uppermost turn 116a 
of the cooling tube 114 is open and is received in the inlet 
30 port 126 of the adapter ring 118 for receiving cooling fluid 
into the cooling tube. The turns 116 of the cooling tube 
114 wind downward within the interior chamber 112 of the 



Express Mail Label 
No. EL937976062US 



46 



MEMC 01-0151(2960.1) 
PATENT 



cooling system housing 102 to direct cooling fluid down 
through the cooling tube. The lowermost turn 116b of the 
cooling tube 114 is also open so that cooling fluid is 
exhausted from the cooling tube into the interior chamber 
5 112 of the cooling system housing 102 generally at the 

bottom of the chamber. A baffle 13 0 (Fig. 6) is connected 
to the bottom 108 of the housing 102 within the interior 
chamber 112 and is configured and arranged to have a 
generally concave surface 132 facing the open end of the 
Z 10 lowermost turn 116b of the cooling tube 114 to direct 

3 cooling fluid exhausted from the cooling tube to flow 

j=i beneath the lowermost turn in a direction opposite the 

*' direction of the downward wind of the cooling tube. 

6 The cooling system 100 of the illustrated embodiment, 

_ 15 including the housing 102, the cooling tube 113 and the 

■* adapter ring 118, are constructed of steel. It is 

contemplated that the cooling tube 114 may be formed other 
3 than of a coil construction, such as by being formed as an 

annular ring (not shown) or other plenum structure (not 
2 0 shown) that circumscribes all or part of the inner panel 104 
of the cooling system housing 102 without departing from the 
scope of this invention. 

In a preferred method of constructing the cooling 
system 100, the inner panel 104, bottom 108 and top 110 of 
25 the housing 102 are connected to each other, such as by 

being welded together. The cooling tube 114 is wound about 
the inner panel 104 in close contact relationship therewith 
and secured to the inner panel, such as being welded 
thereto. The outer panel 106 is then placed around the 
30 cooling tube 114 in close contact relationship therewith, 

with the opening 124 in the outer panel in registry with the 
opening in the uppermost turn 116a of the cooling tube. The 
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outer panel 106 is then connected to the top 110 and bottom 
108 of the cooling system housing 102, such as by being 
welded thereto, to define the interior chamber 112 of the 
housing. Finally the adapter ring 118 is secured to the 
5 outer panel 106 of the cooling system housing 102, such as 
by being welded thereto, with the inlet port 126 of the 
adapter ring in fluid communication with the opening in the 
uppermost turn 116a of the cooling tube 114. 

In operation of the cooling system 100, cooling fluid 

10 is received into the cooling system from the source of 

cooling fluid via the inlet port 126 of the adapter ring 
118. Cooling fluid flows into the uppermost turn 116a of 
the cooling tube 114 and flows down through the cooling tube 
within the interior chamber 112 of the housing 102. With 

15 the cooling tube 114 in close contact relationship with the 
inner panel 104 of the housing 102, conductive heat transfer 
occurs between the inner panel and the cooling fluid in the 
cooling tube to cool the inner panel. When cooling fluid 
reaches the lowermost turn 116b of the cooling tube 114, it 

2 0 flows out of the cooling tube and is directed against the 

baffle 13 0 positioned adjacent the open end of the lowermost 
turn. The concave surface 132 of the baffle 13 0 directs the 
cooling fluid to flow back beneath the lowermost turn 116b 
of the cooling tube 114 in a direction opposite the 

25 direction that cooling fluid flows downward through the 
cooling tube. As a result, cooling fluid flows back up 
through the interior chamber 112 of the housing 102 
generally within the spacing between the turns 116 of the 
cooling tube 114. Cooling fluid flows out from the housing 

30 102 via the opening 124 in the outer panel 106 and then into 
the annular plenum 122 of the adapter ring 118. Cooling 
fluid is directed to flow through the annular plenum 122 
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until it is exhausted from the cooling system 101 through 
the outlet port 128 of the adapter ring 118. 

Detection of Agglomerated Defects: 

Agglomerated defects may be detected by a number of 
5 different techniques. For example, flow pattern defects, or 
D-defects, are typically detected by preferentially etching 
the single crystal silicon sample in a Secco etch solution 
for about 3 0 minutes, and then subjecting the sample to 
microscopic inspection, (see, e.g., H. Yamagishi et al . , 

10 Semicond. Sci. Technol . 7, A135 (1992)). Although standard 
for the detection of agglomerated vacancy defects, this 
process may also be used to detect A-defects. When this 
technique is used, such defects appear as large pits on the 
surface of the sample when present . 

15 Additionally, agglomerated intrinsic point defects may 

be visually detected by decorating these defects with a 
metal capable of diffusing into the single crystal silicon 
matrix upon the application of heat. Specifically, single 
crystal silicon samples, such as wafers, slugs or slabs, may 

2 0 be visually inspected for the presence of such defects by 
first coating a surface of the sample with a composition 
containing a metal capable of decorating these defects, such 
as a concentrated solution of copper nitrate. The coated 
sample is then heated to a temperature between about 900 °C 

2 5 and about 10 0 0 °C for about 5 minutes to about 15 minutes in 
order to diffuse the metal into the sample. The heat 
treated sample is then cooled to room temperature, thus 
causing the metal to become critically supersaturated and 
precipitate at sites within the sample matrix at which 

30 defects are present. 
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After cooling, the sample is first subjected to a non- 
defect delineating etch, in order to remove surface residue 
and precipitants, by treating the sample with a bright etch 
solution for about 8 to about 12 minutes. A typical bright 
5 etch solution comprises about 55 percent nitric acid (70% 

solution by weight) , about 20 percent hydrofluoric acid (49% 
solution by weight) , and about 25 percent hydrochloric acid 
(concentrated solution) . 

The sample is then rinsed with deionized water and 
10 subjected to a second etching step by immersing the sample 
O in, or treating it with, a Secco or Wright etch solution for 

i: jJ about 35 to about 55 minutes. Typically, the sample will be 

£n etched using a Secco etch solution comprising about a 1:2 

[q ratio of 0.15 M potassium dichromate and hydrofluoric acid 

!L 15 (49% solution by weight) . This etching step acts to reveal, 

Mi or delineate, agglomerated defects which may be present. 

if. In an alternative embodiment of this "defect 

□ decoration" process, the single crystal silicon sample is 

subjected to a thermal anneal prior to the application of 
2 0 the metal -containing composition. Typically, the sample is 
heated to a temperature ranging from about 85 0 °C to about 
950 °C for about 3 hours to about 5 hours. This embodiment 
is particularly preferred for purposes of detecting B-type 
silicon self -interstitial agglomerated defects. Without 
2 5 being held to a particular theory, it is generally believed 
that this thermal treatment acts to stabilize and grow B- 
defects, such that they may be more easily decorated and 
detected. 

Agglomerated vacancy defects may also be detected using 
30 laser scattering techniques, such as laser scattering 

tomography, which typically have a lower defect density 
detection limit that other etching techniques. 
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In general, regions of interstitial and vacancy 
dominated material free of agglomerated defects can be 
distinguished from each other and from material containing 
agglomerated defects by the copper decoration technique 
5 described above. Regions of defect-free interstitial 

dominated material contain no decorated features revealed by 
the etching whereas regions of defect -free vacancy dominated 
material (prior to a high- temperature oxygen nuclei 
dissolution treatment as described above) contain small etch 
10 pits due to copper decoration of the oxygen nuclei. 

Detection of Oxidation 
Induced Stacking Faults: 

The detection of oxidation induced stacking faults may 
be achieved by means common in the art. Generally speaking, 
15 however, this method involves the steam oxidation of a 

silicon wafer surface, followed by a decorative etch (e.g., 
Wright etch) . The wafer is then inspected under a 
microscope (e.g., Normarski) and the stacking faults are 
counted. 

2 0 Definitions : 

As used herein, the following phrases or terms shall 
have the given meanings: "agglomerated intrinsic point 
defects" or simply "agglomerated defects" mean defects 
caused (i) by the reaction in which vacancies agglomerate to 
25 produce D-defects, flow pattern defects, gate oxide 

integrity defects, crystal originated particle defects, 
crystal originated light point defects, and other such 
vacancy related defects, or (ii) by the reaction in which 
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self -interstitials agglomerate to produce A-defects, 
dislocation loops and networks, and other such self- 
interstitial related defects; "agglomerated interstitial 
defects" shall mean agglomerated intrinsic point defects 
5 caused by the reaction in which silicon self -interstitial 

atoms agglomerate; "agglomerated vacancy defects" shall mean 
agglomerated vacancy point defects caused by the reaction in 
which crystal lattice vacancies agglomerate; "radius" means 
the distance measured from a central axis to a 

10 circumferential edge of a wafer or ingot; "substantially 

free of agglomerated intrinsic point defects" shall mean a 
concentration (or size) of agglomerated defects which is 
less than the detection limit of these defects, which is 
currently about 10 3 defects/cm 3 ; "V/I boundary" means the 

15 position along the radius (or axis) of an ingot or wafer at 
which the material changes from vacancy dominated to self- 
interstitial dominated; and "vacancy dominated" and "self- 
interstitial dominated" mean material in which the intrinsic 
point defects are predominantly vacancies or self- 

20 interstitials, respectively. 

As the following Example illustrates, the present 
invention affords a process for preparing a single crystal 
silicon ingot, from which wafers may be sliced, in which, as 
the ingot cools from the solidification temperature in 

25 accordance with the Czochralski method, the formation of 

agglomeration of intrinsic point defects is prevented within 
an interstitial-dominated, axially symmetric region, and the 
formation of OISF nuclei, and optionally agglomerated 
defects, is prevented within a vacancy-dominated, axially 

3 0 symmetric region, of the constant diameter portion of the 
ingot . 
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It is to be noted that this Example is intended for 
illustration only, and therefore it should not be 
interpreted in a limiting sense. 



Example 



5 In accordance with the present invention, a series of 

single crystal silicon ingots having a diameter of about 200 
mm were grown in accordance with the Czochralski method, a 
portion of the series being grown in a crystal puller which 
did not possess an additional apparatus for cooling the 

10 solidified ingot and a portion being grown in a crystal 

pulling apparatus which did (e.g., a crystal puller having a 
cooling jacket positioned in the transition area of the 
puller, such as the one described herein) . Each ingot was 
generally grown using the same growth conditions, such that 

15 each had a segment comprising an interstitial -dominated, 
axially symmetric region which was substantially free of 
agglomerated defects and which was concentric about a 
vacancy-dominated, axially symmetric region (the width of 
each axially symmetric region, from one ingot to the next, 

2 0 being approximately the same) . The only significant 

difference between the ingots, or the ingot segments, that 
were grown and analyzed (in addition to the cooling 
mechanism described above) was the oxygen content of the 
silicon (oxygen contents ranging from about 13.5 to about 
25 15.7 PPMA for the non-cooled ingots and from about 12 to 
about 16.8 PPMA for the cooled ingots) . 

Following ingot growth, the segments to be analyzed 
were sliced into wafers, each wafer then being subjected to 
a thermal anneal (wherein oxygen precipitate nuclei where 

3 0 stabilized and then grown) , followed by an oxidation 
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treatment to form oxidation induced stacking faults. 
Finally, the resulting wafers were inspected for the 
presence of OISF defects as described herein. 

Referring now to Fig. 7, results are provided from the 
5 wafers obtained from ingot segments derived from single 

crystal silicon ingots grown in a crystal puller without a 
cooling jacket or device, and thus without rapid cooling 
through the temperature range at which OISF nuclei are 
formed and grown. A portion of the wafers obtained were 

10 subject to a "normal" rapid thermal anneal ( " RTA " ) 

treatment, wherein they were heated to about 750°C, while 
the remaining wafers were subjected to a RTA as described in 
U.S. Patent No. 5,994,761, wherein the wafers were rapidly 
heated to a temperature of about 12 3 5°C. 

15 As can be seen from these results, absent a high 

temperature RTA, an OISF band is present for all oxygen 
concentrations above about 11 PPMA. More specifically, the 
results show that: (i) if a low temperature RTA is to be 
employed, then rapid cooling is needed to ensure OISF 

20 concentrations of less than about 10/cm 2 ; (ii) if a high 
temperature RTA is available, slow cooling is generally 
acceptable for oxygen concentration up to about 14.5 PPMA, 
for purposes of ensuring OISF concentrations of less than 
about 10/cm 2 are achieved; and, (iii) even if a high 

2 5 temperature RTA is available, for some preferred embodiments 

of the present invention (i.e., very low OISF 
concentrations) , this is not sufficient as the oxygen 
concentration increases above a certain threshold (e . g . , 
about 14 or 14 . 5 PPMA) , absent some means by which to 

3 0 increase the cooling rate of the ingot segment within the 

key temperature range (as described above) . Although still 
higher RTA temperatures would be more effective, there are 
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some practical limitations with respect to the maximum 
temperature that can be employed (e.g., how high currently 
available annealers can go, as well as the maximum 
temperature to which the material can be subjected) . 
5 Referring now to Fig. 8, results are provided from the 

wafers obtained from ingot segments derived from single 
crystal silicon ingots grown in a crystal puller with a 
cooling jacket or device, and thus with rapid cooling 
through the temperature range at which 01 SF nuclei are 

10 formed and grown. A portion of the wafers obtained were 

then subject to a "normal" RTA treatment, wherein they were 
heated to about 750°C, while the remaining wafers were 
subjected to a RTA as described in U.S. Patent No. 
5,994,761, wherein the wafers were rapidly heated to a 

15 temperature of, in one case, about 1200°C, while in another 
about 1235°C. 

Several observations can be made with respect to these 
results. Specifically: (i) using a "normal," low 
temperature anneal (as described above) , the wafers had an 

20 OISF content of less than about 5/cm 2 , until an oxygen 

content of about 14.7 PPMA was reached, and an OISF content 
of less than about 10/cm 2 , until an oxygen content of about 
15 PPMA was reached; (ii) using a RTA of about 1200°C, or 
1235°C, however, enables an OISF content of less than about 

25 5/cm 2 , or even about 3 /cm 2 , to be obtained, even when the 
oxygen content is as high as about 16.7 PPMA. 



In view of the foregoing, it can be seen that 
controlled cooling enables wafers having significantly lower 
OISF contents, but higher oxygen contents, to be obtained. 
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Additionally, it can be seen that, even absent controlled 
cooling, a RTA process may be employed to reduce OISF 
content, thus enabling the formation of acceptable silicon 
having a higher oxygen content than would otherwise be 
possible . 



